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11
The preceding review of the literatures reveals that the thermal analysis of porous media with 12 asymmetric configuration and internal heat sources sets a challenge that has not been previously met. In 
23
Two sets of boundary conditions are considered in this problem. In case one (Fig. 1a) , it is assumed that 24 the upper and lower surfaces are subject to constant but different temperatures. Case two (Fig. 1b) 
25
includes a constant heat flux on the lower wall and a convective boundary condition on the upper wall.
26
In the proceeding analyses, the classical macroscopic theory of transport in porous media [1, 2] is 27 employed and, therefore, pore scale phenomena are not investigated. The following assumptions are 28 made throughout the current study of the porous system.
29
-The porous medium is homogenous and isotropic, fluid saturated and includes uniform and 30 steady internal heat generation.
31
-The fluid flow is laminar, steady and incompressible, with uniform heat generation and no 32 gravitational effects.
33
-The porous system is under local thermal non-equilibrium state.
34
-Thermally and hydrodynamically fully developed conditions hold within the porous regions.
35
-Due to the absence of gravity effects and assuming small emissivity, natural convection and radiation are negligible. It is, also, assumed that viscous heat generation is negligible.
-Physical properties such as porosity, specific heat, density, and thermal conductivity are 
12
( 2 )
It is important to note that the assumption of fully developed flow has been incorporated in the 13 development of Eqs. 4 and 5. The following boundary conditions are imposed on the system.
15
In case one:
and in case two:
17 18
In this system, the Nusselt number can be written in the form of [32]:
where
In the limit of large convection coefficients, the temperature difference between the solid and fluid phases 7 diminishes, and the LTE condition is approached. For conciseness reasons, the LTE formulations of the 8 problem are not repeated here. This can be, readily, reproduced by the LTNE model formulations,
9
following the elaborated procedure available in the literature # [22] .
11

Normalised LTNE and LTE equations 12
To proceed with an analytical solution of the governing equations, the following dimensionless 13 parameters are introduced:
14 15
Using these parameters, the governing equations (1-5) take the following forms.
1
The governing momentum equation (1) becomes,
The heat transport equations ( 2 -5 ) reduce to, 5 6
(15)
The normalised equations of energy and momentum now feature the following boundary conditions:
8
Case one:
10
Case two:
The dimensionless interface conditions are written as
The energy equations for the solid walls (Eqs. (13) and (14)) are linear and uncoupled. Hence, they can be 2 solved with relative simplicity. For the porous region, the energy equations are coupled and should be 3 decoupled before they can be solved analytically. Differentiating and combining Eqs. (15) and (16) 
Further, using the dimensionless parameters listed in relations (11a-t) the dimensionless Nusselt number 9 is given by the following relations,
where,
Application of the LTE model on the same system leads to the development of the following energy 12 equations:
13 14 
2
However, the coupling conditions between the walls and porous medium are changed to the following 3 relations.
5
( )
The solution of the LTE model is considerably simpler than the LTNE model and provides a tool to verify 6 the correctness of the developed solutions for the LTNE model. This is discussed in the following section.
8
Temperature and velocity profiles 9
Solving the dimensionless momentum Eq. (12), together with the boundary conditions detailed in Eq.
10
(19), yields the following fluid velocity profile:
11 12
13
Solving Eqs. here. The Nusselt number can be readily attained through substitution of the temperature and velocity
22
solutions into Eqs. (22) and (23) . Once again, for reasons of brevity, the full form has been omitted.
24 1
and a comprehensive discussion about the temperature distribution within the system is put forward.
2
This is followed by the evaluation of Nusselt number versus various pertinent parameters, in the second 3 subsection. It should be noted that, since the velocity field and its relevant discussion is straightforward, 4 this has not been elaborated here. Further, in the proceeding discussions, parts a and b of each figure   5 always correspond to cases one and two shown in Fig 1a and 1b, respectively.
7
Temperature Distribution
8
It is known that increasing the Biot number to a large enough value should result in the conversion of LTE 9 and LTNE solutions. This is due to the fact that, at large Biot numbers, the internal heat exchanges within 
22
The influence of the thermal conductivity ratio, k, is shown in Fig. 4 walls. This is similar to the effect of thermal conductivity ratio as examined in Fig. 4 . A similar discussion
15
can be made for Fig. 6 and, hence, is not repeated. However, it is worth noting that the extent of 16 temperature differences in Fig. 6 is smaller than the corresponding ones in Fig. 5 . This indicates the 17 superior role of heat generation within the fluid phase in the thermal behaviour of the system.
18
Figures 7-9 demonstrate the variation of the temperature profile as a result of variations in the 19 boundary conditions. These include the hot boundary temperature in case one (Fig. 7) , heat convection 20 coefficient ( Fig. 8 ) and imposed heat flux (Fig. 9 ) boundary conditions in case two. Varying the 21 temperature of the lower wall in case one, see Fig. 7 , impacts the temperature profile of the entire system.
22
However, the magnitude of the temperature difference in the porous region is not noticeably affected by 23 the variation in . Similar behaviour can be also noted in Fig. 8 and 39 Figure 11a shows that, for a given porosity, the maximum value of Nusselt number is achieved at k= 1.
Deviations from this value leads to a drop in Nusselt number. However, case two presents a distinctive 1 behaviour in which increasing k leads to a monotonic reduction of the Nusselt number. Further, in both 2 Fig. 11a and b , by increasing the porosity, the extent of Nusselt number variation with k increases. It 3 follows that, at very low porosities (not shown here), the Nusselt number becomes almost indifferent to 4 the thermal conductivity ratio. Figure 12 shows that the thickness of the lower solid wall can impart 5 considerable effects upon the numerical value of the Nusselt number. In case one (Fig. 12a) , thickening 6 this wall, generally, increases the Nusselt number. However, the reverse trend is observed in case two 7 (Fig. 12b) . Similar to that observed in Fig. 11 , the extent of variation increases as the porosity of the 
4
• It was demonstrated that the Nusselt number can be significantly dependent upon the internal 5 heat generations in the fluid and solid phases ( and ).
6
• Nusselt number is also a strong function of the wall thicknesses and therefore the geometry of 7 the channel is an important parameter affecting the thermal behaviour of the system.
8
• For a fixed geometry, the thermal boundary conditions on the external surfaces of the system can 9 majorly alter the heat transfer characteristics of the system.
10
• In keeping with other recent works [31, 32] , this study showed the general necessity of using
11
LTNE for the analysis of the problems with internal heat generation. However, the results imply 12 that the asymmetry of the problem may affect the extent of deviation from LTE, and the boundary 13 conditions can modify the local temperature differences in the porous region.
14
• It appears that the internal heat source in the fluid phase has a stronger influence upon the local 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40 1  2  3  4 
